T he translabyrinthine (TL) approach to the cerebellopontine angle was first described by Panse in the late nineteenth century. 38 This approach did not truly become technically feasible until it was reintroduced in the early 1960s by William House, who brought the operating microscope to otologic and skull base surgery. Soon after, House and Hitselberger demonstrated that use of the TL approach reduced the mortality of vestibular schwannoma (VS) surgery to under three percent.
tic irradiation, have been introduced. 30, 32 Furthermore, the natural history of VS has become better understood, so that it is now clear that many tumors do not grow or grow very slowly. 50 Patients are thus faced with a variety of treatment options, including microsurgery, stereotactic radiotherapy or radiosurgery, and observation.
We present a consecutive series of patients with small VSs resected via the TL approach. This approach allows direct exposure of tumors, including the ability to directly visualize the entire tumor and its interface with the facial nerve both medially and laterally. The need for brain retraction or manipulation is eliminated. The TL approach is, however, destructive of hearing since it is necessary to resect a portion of the otic capsule to expose the tumor.
Methods
We performed a review of data that had been generated and maintained in a prospective, ongoing database developed for purposes of clinical patient care and study. Prior to undertaking this review, an institutional review board waiver had been obtained (St. Vincent Medical Center). All consecutive patients undergoing TL resection of small tumors with the preoperative diagnosis of VS were included, with the exception of patients with neurofibromatosis Type 2 (n = 2), those who had undergone previous treatment (n = 3), and those with preoperative abnormal facial nerve function (n = 1). Patients were operated on by surgical teams consisting of a single neurosurgeon (M.S.S.) and 1 of 7 neurotologists during a 6-year period, from 2008 through 2013. Small VSs were defined as purely intracanalicular tumors or tumors with a cerebellopontine angle (CPA) size less than or equal to 1.0 cm. Both overall tumor dimension, including both internal auditory canal (IAC) and CPA portions, and greatest dimension in the CPA alone were recorded.
Population
One hundred seven patients who met the inclusion criteria were operated on during the study period. In addition to appropriate MRI, all patients underwent preoperative audiometric testing, including pure-tone average (PTA) and word recognition score (WRS). Hearing was categorized by using the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) classification system and by using current clinical standards. 23, 33 Facial nerve function was also assessed and graded from I to VI according to the House-Brackmann (HB) scale.
26
Demographic data regarding patient and tumor characteristics are presented in Table 1 . Thirty-seven tumors were entirely intracanalicular, while 70 had extension into the CPA. Only 8 patients (7.5%) had good hearing (AAO-HNS Class A), and only 27 patients (25.2%) had serviceable hearing (AAO-HNS Class A or B) (Fig. 1 ).
Procedures
Our operative technique of TL resection of VS has previously been described. 49 Specific adaptions of the technique to small tumors are demonstrated in the associated video (Video 1). Continuous facial nerve monitoring using the Xomed-NIM (Medtronic) was used for all cases. Following surgery, patients were observed overnight in the intensive care unit and began mobilization on the 1st postoperative day. Patients were discharged from the hospital after meeting discharge criteria, including weaning of all parenteral medication, safe ambulation, and tolerance of diet. Disposition to home/hotel or to inpatient rehabilitation was recorded, as were any complications.
Immediate postoperative facial nerve function was assessed on the day of surgery. Facial nerve function was further assessed on each hospital day and at each point of patient contact during the postoperative period. For patients with a decline in facial nerve function, the "worst" postoperative grade was recorded. For any patient in whom normal facial nerve function was maintained throughout the entire postoperative period, final facial nerve grade was recorded at 1 month. For any patient with abnormal facial nerve function, the final grade was recorded either at the time of return to normal function or at 1 year postoperatively.
As is our standard practice, MRI was not performed in the immediate postoperative period unless there were specific clinical indications. It is our usual protocol to recommend MRI surveillance at 1 year and 5 years postoperatively. In cases of unusual pathology, incomplete tumor resection, or ambiguous imaging findings, MRI was recommended more frequently on an individualized basis.
Statistical Analysis
Data obtained from the database were extracted into an Excel file and then imported into a statistical program (SPSS; IBM) for analysis. Both descriptive and inferential statistical analyses were performed. Comparisons between various groups used nonparametric procedures, as there was often a considerable difference in sample size between groups, with one group having very small numbers of patients. For categorical variables, the Fisher's exact test was used for a 2 × 2 table; for larger tables, cell sizes were typically too small for statistical analysis, and, when possible, data were regrouped into two categories. For interval-level data, the Mann-Whitney U-test was used in comparisons between groups and Pearson correlation for the relationship between two variables. For all analyses, the criterion for statistical significance was set at p ≤ 0.05, two-tailed test.
Results

Complications
Operative complications are presented in Table 2 . There were no deaths and no cases of meningitis or wound infection. Five patients (4.6%) suffered postoperative cerebrospinal fluid (CSF) leaks. Four of these patients, who had CSF rhinorrhea, were treated with blind sac closure of the external auditory canal and direct packing of the eustachian tube. 15 One patient (0.9%), in whom a leak developed through the wound, was treated with oversewing of the wound and lumbar drainage, which resolved the leakage. One patient (0.9%), who underwent MRI in the postoperative period due to headache, developed thrombosis of the sigmoid sinus and was treated with 6 months of anticoagulation therapy, which led to resolution of headache and no further sequelae. Because postoperative imaging is not part of our routine protocol, it is possible that other patients developed asymptomatic sinus thrombosis. All patients were discharged directly from the inpatient hospital to home or a hotel. None required inpatient rehabilitation or convalescent care.
Pathology and Tumor Control
One hundred patients (93.4%) were found intraoperatively to have schwannomas that were of eighth cranial nerve origin (VS). The pathology of all tumors is detailed in Table 3 . Of the 100 cases of VS, 97 (97.0%) were resected in their gross entirety. One-year postoperative MR images were available for 70 of these patients, and none showed evidence of residual or recurrent tumor. The three other VS tumors were treated with radical subtotal resections, with a maximum of 3-mm-linear tumor left adherent to the facial nerve. Two of these patients underwent annual MRI postoperatively, and they both showed no evidence of abnormal enhancement at the last follow-up 24 and 36 months after surgery. The third patient, age 74 years at the time of treatment, has refused postoperative imaging. As defined by both the absence of radiographic disease and need for additional treatment, the short-term (1-year) tumor control rate for intraoperatively proven VS was 100%. By the most stringent criteria (gross-total resection, absence of radiographic disease, and no additional treatment), the tumor control rate was 95.6% % (n = 64 of 67). One patient was found to have a schwannoma that clearly originated from the facial nerve. This tumor was partially resected. The residual tumor was subsequently seen to enlarge, and the patient underwent Gamma Knife radiosurgery 20 months after resection. In hindsight, the preoperative MR images obtained in this patient did show suspicious enhancement along the labyrinthine portion of the facial nerve (Fig. 2) .
Two patients were found to have meningiomas, both WHO Grade I. Both lesions were resected in gross entirety, although proximity to the facial nerve did not allow for complete resection or coagulation of the dural base in either case. Both of these patients have had at least 2 follow-up MRI studies showing no evidence of residual or recurrent tumor 36 and 16 months after surgery. One example of a meningioma is shown in Fig. 3 . There was one lipomatous choristoma and one hemangioma. Both pre-and postcontrast MRI studies of the choristoma were performed with fat saturation, and the MRI study of the hemangioma was of poor quality, suggesting that both tumors may have been properly diagnosed had the quality of the imaging been better. These lesions were both resected in their gross entirety, and neither patient had evidence of recurrent or residual tumor on 1-year postoperative MRI study.
Two patients, both of whom presented initially with intracanalicular tumors, were found to have malignant disease. One had metastatic carcinoma, which was subsequently found to originate from the breast, that was resected partially, and although local control was achieved after fractionated craniospinal irradiation, the patient died of systemic disease 20 months postoperatively. The other had large-cell lymphoma that was resected in its gross entirety. Following appropriate systemic treatment, this patient remains in remission without evidence of recurrent disease 6 years after surgery.
Excluding malignant tumors, the overall tumor control as defined by having no need for further treatment was 99.0% (n = 104 of 105). As defined by MRI absence of disease, the tumor control at 1 year was 98.7% (n = 74 of 75). Of course, these are short-term results. On the other hand, it should be noted that no patient who underwent gross-total resection of a benign lesion had evidence of residual or recurrent disease on follow-up MRI.
Facial Nerve
There were 105 patients with benign disease. Immediately after surgery, 101 patients (96.2%) maintained normal function, while 3 (2.9%) had mild facial weakness (HB Grade II/VI) and 1 (1.0%) had more severe weakness (HB Grade IV/VI). Deterioration in facial nerve function was seen in an additional 7 patients, while 94 patients (89.5%) maintained normal facial nerve function during the entire follow-up period; the worst facial nerve status was HB Grade II/VI in 7 patients (6.7%), HB Grade III/VI in two patients (1.9%), and HB Grade V/VI in two patients (1.9%).
For patients with benign disease, late facial nerve function was normal in 103 patients (98.1%). One patient (1.0%) had mild facial nerve weakness (HB Grade II/VI), and one patient (1.0%) had moderate facial nerve weakness (HB Grade III/VI). No patient had severe facial weakness (≥ HB Grade IV/VI) at the time of late follow-up.
Of the two patients found to have malignant disease,
FIG. 2.
Coronal contrast-enhanced T1-weighted MR image of a facial nerve schwannoma showing enhancement along the labyrinthine portion of the facial nerve (arrow).
FIG. 3.
Axial contrast-enhanced T1-weighted MR image of an intracanalicular meningioma. None of the meningiomas showed evidence of a dural tail or other imaging characteristics typical of meningioma. In all cases of meningioma, the IAC was neither expanded nor narrowed. The preoperative diagnosis was VS for all cases.
one, with large-cell lymphoma, maintained normal function throughout the entire follow-up period, while the other, with metastatic breast cancer, developed mild facial weakness (HB Grade II/VI) immediately after surgery, which persisted through the entire follow-up period.
Predictive Factors
Statistical analyses were performed in an attempt to identify factors related to pathology and to outcome. Given the small number of patients who were found to have pathology other than VS and the small number of individuals with nonnormal postoperative facial nerve function, all such statistical analyses must be viewed with caution because significance would be difficult to establish, as would generalizability.
None of the 7 patients who were found to have a tumor other than a VS had serviceable hearing prior to surgery, and there was a significant difference in preoperative PTA as well as a borderline finding for a difference in WRS (p ≤ 0.05 and p ≤ 0.09, respectively). Mean PTA was 59.3 dB for the VS group and 82.9 dB for the non-VS group, with WRSs of 33.6% and 13.7%, respectively. In addition, tumor extension into the CPA tended to be greater in non-VS patients versus VS patients (0.90 vs 0.73 cm), although this difference did not achieve statistical significance. For the 100 VS patients, preoperative WRSs tended to be better in the 3 patients who ended up having less than gross-total removal (mean score 74.7%) than for those in whom total removal was possible (mean score 32.3%) (p ≤ 0.06). Total tumor size and CPA size were not significantly correlated with preoperative hearing.
Discussion
We present a series of more than 100 consecutive small VS treated via the TL approach. Outcomes were excellent, including avoidance of complications, tumor control, and facial nerve results. Of course, the TL approach is hearing destructive, so hearing results do not compare favorably with other treatment options. This fact must be taken in the context of VS, in which a preponderance of patients have poor hearing outcomes regardless of treatment. Based on these results, TL resection should be considered a very attractive option for the treatment of select patients with small VSs.
Tumor Pathology
Over 5% of our patients with a preoperative diagnosis of VS were found to harbor tumors of other types. While this number seems high, our experience has been that small tumors are more likely to be misdiagnosed than larger tumors, likely due to the fact that MR images of small structures contain less information. 7 The most common type of other tumor found unexpectedly was meningioma. Patients with meningiomas are typically offered similar treatment options as those with VSs. Other types of pathology found include a facial schwannoma, a choristoma, a hemangioma, and malignant tumors. Poor quality or technically insufficient images may have played a role in these misdiagnoses. While we do not perform temporal bone CT scanning, CT could be useful for showing other types of pathology, such as calcification in meningiomas or hemangiomas or widening of the fallopian canal of the facial nerve in facial schwannomas. It is beyond the scope of this report to calculate the cost/benefit ratio of repeating scans when the initial ones are poor in quality or of obtaining additional types of imaging, but it is likely that at least several of these operations could have been avoided with better preoperative imaging.
Specific note must be made regarding the diagnosis of two malignancies in this series. In neither case was there clear indication of the presence of malignant disease preoperatively. Imaging was typical of VS, there were no other intracranial abnormalities, and facial nerve function remained normal preoperatively. Indeed, in the case of the lymphoma, which was resected entirely, the diagnosis was not suspected until pathological examination was performed after the tumor had already been resected.
Key to good outcomes is recognizing unexpected pathology intraoperatively when it does occur. In addition, the finding of other pathology does have implications regarding the choice of stereotactic irradiation, since with this treatment a pathological specimen is not obtained. In certain instances, such as malignancies, delays in diagnosis may have implications beyond local issues such as cranial nerve function.
Tumor Control
One major limitation of this study is that we do not present long-term data regarding tumor control following TL resection. Indeed, our standard protocol for patients confirmed intraoperatively to have VS is to recommend follow-up MRI at 1 and 5 years postoperatively. Too few of our patients have 5-year follow-up to report, and a number of them have no follow-up MR images at all. Nevertheless, we have not seen residual or recurrent tumor in any patient who has had MRI follow-up after gross-total resection of tumor. Even in the few patients with less-than-total tumor resection, tumor control rates are excellent, with only a single tumor, a facial nerve schwannoma, showing subsequent growth.
Certainly, more long-term follow-up will be needed to determine overall tumor control rates. The TL approach has several strong advantages over other means of VS treatment. This approach provides direct and wide visualization of the IAC from the meatus to the fundus. In addition, the vestibulocochlear nerve can be resected together with the tumor, thus allowing for a more aggressive "margin." While we would certainly advocate for less than near-total resection of tumor in the interest of facial nerve preservation, this was necessary in very few of these patients with small tumors.
As is also our personal experience, the literature shows that there is always a chance of tumor recurrence with surgery for attempted hearing preservation, and there is always a chance of failure of tumor control with stereotactic radiotherapy. 1, 29, 39, 54 Claims about tumor control rate after stereotactic radiotherapy are also criticized due to failure to prove tumor growth prior to treatment.
5 Furthermore, the choice of stereotactic radiotherapy arguably remains problematic for young patients since the very long-term effects of irradiation of schwannomas are yet to be revealed.
Since VS typically grow very slowly if at all and since no claim can be made regarding improving hearing outcomes over natural history, we find no logical reason to advocate for TL resection of newly diagnosed VS unless there are extenuating factors, such as intractable vestibulopathy or strong patient preference.
Some patients are inevitably lost to long-term followup following VS treatment. Although not captured in our database, a number of our patients chose surgical resection because of claustrophobia and aversion to MRIs. Although failure to obtain follow-up imaging is not ideal and is against recommendations, it is probably especially to these patients' benefit to undergo the treatment that provides the lowest likelihood of needing subsequent intervention due to tumor recurrence or failure of tumor control.
Regarding tumor control, one interesting finding is the trend toward a higher likelihood of less than total tumor resection among VS patients with better preoperative hearing. Since the rationale for performing less than total resection in this series is universally tumor adherence to the facial nerve, this finding suggests that, at least for small tumors, poor preoperative hearing predicts easier facial nerve dissection. A possible explanation for this is that tumors originating from the inferior vestibular nerve are more likely to affect hearing earlier and that these same tumors are also more distant from the facial nerve. While in our series, preoperative hearing was not correlated with facial nerve outcome, in the hands of less experienced surgeons, results could be different.
Facial Nerve
In this series, over 99% of patients who were confirmed intraoperatively to have benign disease had good long-term facial nerve function, and over 98% had normal function. These results speak for themselves and virtually equal or exceed the results of previously reported series of VS patients treated by any modality. 3, 4, 12, 19, 25, 35, 44, 58 Furthermore, relative recurrence rates must be factored into calculations of long-term facial nerve outcome given the fact that patients treated by other modalities are more likely to require additional treatment, and this additional treatment carries further risk to the facial nerve.
17,18,42
Just over 10% of patients did develop some degree of temporary facial weakness, although in the majority of these patients weakness was mild (HB Grade II/VI). The potential for temporary facial weakness is greater with microsurgery than with stereotactic radiotherapy, which must be discussed with patients. With appropriate counseling and expectations, temporary weakness does not likely impact outcomes significantly. A subset of patients, however, may not tolerate temporary weakness, and some of these patients may be better treated with stereotactic radiotherapy.
It is to be expected that these facial nerve results cannot be achieved by most novice VS surgeons. A number of studies have demonstrated a significant learning curve of between 40 and 100 cases. 14, 16, 56 Most of the neurotologists involved in the cases reported in this series had surgical experience that exceeded this threshold, and the primary neurosurgeon had performed over 300 VS resections via the TL approach (including tumors of all sizes) prior to 2008. Although this series shows that risks can be mitigated, it is critical to stress that for VS treatment it is impossible to eliminate facial nerve risk entirely. This fact remains a tenet of the care of VS patients.
Hearing
Clearly one disadvantage of the TL approach is the inability to preserve hearing. The otic capsule is violated and hearing is sacrificed before the tumor is exposed. In reality, however, this is only a true disadvantage in patients who have both good hearing before treatment and the real possibility that such hearing can be preserved in the course of natural history or treatment via other methods. In this series, only about one in four patients had serviceable hearing and fewer than one in ten patients had good hearing prior to surgery.
Data suggest that the best option for hearing preservation with VS is observation. The best natural history data originate from Denmark, where population-based statistics are available. 51, 53 Patients with normal hearing (speech discrimination score 100%) tend to maintain good hearing (class A) for many years. Patients with less than normal hearing (speech discrimination score < 100%), however, are likely to lose serviceable hearing more rapidly.
Very good outcomes for hearing have been reported with stereotactic radiotherapy. 34, 41 Careful review of these reports shows that only a subset of patients undergoing treatment have long-term audiometric results. Probably the best series detailing long-term hearing results after stereotactic radiosurgery for VS was published by the Mayo Clinic. 8 This report shows that when nearly all patients undergo long-term audiological testing, most are shown to have lost serviceable hearing.
Microsurgical options for the treatment of small VS also include resection via the retrosigmoid or middle fossa routes. Each of these offers the opportunity of hearing preservation. Again, however, results are variable with substantial risks of hearing loss. 2, 31, 40, 46 In addition, it is important to be mindful of the fact that tumor configuration plays a significant role in the chances of hearing preservation, with tumors impacted in the fundus of the IAC typically faring more poorly in terms of hearing preservation.
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While most patients in our series presented with poor hearing at the time of treatment, a subset of patients did have audiologically good or serviceable hearing. While our data did not capture individual reasons for why the choice was made to operate on these patients via the TL route, there are several possible explanations. First, as noted above, we felt that the configuration of some tumors made the possibility of hearing preservation extremely unlikely. Second, some patients had subjectively poor hearing despite good results on audiological testing. Third, several patients chose to undergo TL resection with the understanding that it was the most definitive operation with the lowest chance of needing subsequent treatment. On occasion, the patient's choice was not entirely aligned with the recommendations of the treating surgeons.
One thing that can be stated with certainty is that, for VS treatment, the only type of series in which it is abso-lutely certain what the hearing results are for every patient is one following TL resection.
Quality of Life
Traditionally, VS outcomes have been measured primarily in terms of complications, facial nerve, and hearing. There is, however, a growing body of literature demonstrating the importance of quality of life (QOL).
10,43,48 A major limitation of this report is the absence of QOL data, which were not captured by our prospective database. QOL studies demonstrate that other factors, most notably dizziness and headache, play a more important role in patient outcome than previously thought. Indeed, these more subjective factors may be more significant than even facial nerve function and hearing.
Dizziness and balance disturbance are common complaints independent of method of treatment.
9 Vestibulopathy cannot be easily measured or quantified. With surgical treatment, vestibular symptoms improve in some patients and worsen in others, and patients with worse vestibulopathy preoperatively are more likely to improve. 21 For dizziness caused by other types of pathology, such as Ménière's disease, obliteration of the affected peripheral vestibular system is an accepted treatment. 13 Thus TL resection may be a particularly attractive option for patients with VS suffering from significant vestibular symptoms.
Headaches are another common complaint among VS patients regardless of method of treatment. 9 Furthermore, there is extensive literature regarding potentially disabling headaches following retrosigmoid resection of VS. 11, 24, 47 With the TL approach, suboccipital muscles are not elevated or transected, the greater occipital nerve is not put at risk, and all bone drilling occurs prior to opening the dura. These factors may serve to mitigate the chance of patients developing severe headaches after undergoing TL resection of tumors.
Finally, even in terms of hearing, patients with unilateral hearing loss report that hearing in noisy environments impacts QOL more than hearing in quiet environments.
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Since audiograms are carried out in a quiet sound booth, the correlation between routine audiometric results and QOL remains unknown. Many patients with unilateral hearing loss report subjectively poor hearing in daily life despite measured serviceable hearing. 22 Further study in this area is needed.
Conclusions
TL resection of small VS provides excellent results in terms of complication avoidance, tumor control, and facial nerve outcomes. This is a hearing-destructive operation and is not advocated for all patients. Factors that would favor resection via the TL approach include tumors proven to be growing, young patients, patients with poor hearing, patients with significant vestibulopathy, and patients with claustrophobia or aversion to MRIs. Choice of treatment should be individualized.
